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The spi.imens were loaded in static compression and constant amplitude
compression fatigue. The compression loading is used because it is known
that graphite/epoxy composites have a shorter compression fatigue life as
compared to tension fatigue, see Refs. [9] and [10]. The fatigue tests were

at a constant amplitude of g 0, o = -2800 1bf (-12.50 kN) (R = -=),

min
This maximum compression stress is approximately 74% of the mean static strength.
Relevant properties and dimensions of the specimens are shown in Fig. 1.

The in-parallel model of scale effect is in the developement stage.

f Pertinent material concerning this model and its verificatior is contained

in Appendix A.




-

NADC-78259 60

II. Equations for the In-Series Model

In the traditional weakest link concept in material strength, the basic

"1ink" is a flaw in the material, see for instance Ref. [11l]. The present

f
{

Ai
|

in-series model is of the same principle as the weakest link, except we use

a structural "element" as a link. This element can be of a size in the same

order of magnitude of the total structure. It is well-known that the weakest
link concept can be described in mathematical statistics by the extreme value
theory, see for instance, Ref. [12] and [13]. We shall summarize the results
for elements of Weibull distribution.

Consider a basic element of Weibull distribution, with a density function

ct(x-xo)m-1 x—xoa |
f(x)a—-—;E———exp-(B) (1)
and a cumulative distribution function (CDF)
X=X iy
Fx(x) =P(X<x)=1- exp -(_—B—) (2)

where x = strength or life, X9 = position parameter, o = shape parameter, and
R = scale parameter. Then the CDF of an n-element in-series specimen can be
shown to be

Fp () = P(X <x) =1-[1-PBX<xn]" (3)
n

The density function, fn(x), of the n-element specimen is then

a-1 Q
) a(x—xo) S [‘( x-x0> ] o
£ ¢x --—-——jr—-——- JORRE. )
= (Blnl - B/nl/a

Comparing Eq. (4) with Eq. (1), we conclude that the shape parameter a«, and

position parameter Xy of the n-element in-series model are identical to those

~ of the basic element; the scale parameter B is reduced from that of the basic !

(1/a).

element by a factor n

T - ~--uu-ﬁ-niilIilii;iii-Hin-iihn--lHI-i.".'.""'“"'i=====ll.'ill
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The mean strength or life is given by
a + 1
u-BI‘(u)-!-xo (5)
If the position parameter is equal to zero then the mean of the n-element
in-series, L is related to the basic element mean, u by
Ya (11/0'

o (6)

The decrease of the mean is a function of the shape parameter, as well as
the number of elements, n. For a value of a = 2, the strength or life de-
creases a great deal; for n = 100, the strength of the in-series combination
is only 10Z of the basic element. For a large value of &, however, the
decrease in strength is npf too much. For instance, for n = 100 and @ = 30,
u, 1is 86%Z of u. Eq. (6) is plotted in Fig. 2.

Since for composite materials the shape parameter for static strength
is between 10 to 30, and for fatigue life it is between 1 to 3, it can be
seen that the size eff.:ct is more serious in fatigue life than in static
strength, if the elements are in-series. In other words, a long coupon has
almogt the same static strength as a short element, but has only a small

fraction of the fatigue life of the element.
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III. Static and Fatigue Experiments

To verify the in-series model a number of static and fatigue tests were
performed using both the basic element and the in-series specimen.
A. Specimens All specimens used for this study were cut from a Hercules
AS/3501-6 graphite/epoxy composite plate prepared at the Naval Air Development
Center, Warminster, Pa. The plate consisted of 12 layers following a layup
of [+ 45/02/-7- 451 . The overall measurements of the plate were 24 by 34
inches (610 by 860 mm) with an average thickness of 0.072 inch (1.83 mm).
End tabs were cut from plates prepared of 3M Scotchply 1003 fiberglass/epoxy
with a layup of [02 /90,’02/90/02/90/02]. The thickness of the plates were
0.080 inch (2.03 mm).

The basic element was a 1 x 6 inch (25.4x152.4 mm) strip with a central
1/4 inch (6.4 mm) hole. The in-series specimen had the same overall dimensions,
but with three 1/4 inch (6.4 mm) holes. End tabs of length 1 1/2 inch i
(38.1 mm) were applied to the ends of I;oth sides of each specimen, (See
cutting procedure for method of application). The dimensions for the basic
element and the in-series specimen are given in Fig. 1. The portion between
the end tabs was considered as the test section.

The plate was cut into test specimens by means of a 5 13/16 inch
(147.6 mm) diameter diamond saw blade mounted on a Sundstrand Rigidmil.
The blade was run at 715 rpm with a table feed rate of 1 inch (25.4 mm) per
minute. The first step in the cutting procedure consisted of cutting the
plate into 6 1/2 x 10 inch (165.1x254.0 mm) sections such that the 0°
fibers were parallel to the shorter edge. Next 1 1/2 x 10 inch (38.1x254.0 mm)
end tab strips of 0.080 inch (2.03 mm) thickness were bonded to both sides

of the sections, 1/4 inch (6.4 mm) from each of the 10 inch (254.0 mm) edges.
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The bonding agent used was Ecobond 51 combined with Catalyst #9, both
manufactured by Emerson and Cuming Inc. These sections were then squared
off and cut down to 6 x 10 inch (152.4x254.0 mm) by taking off 1/4 inch
(6.4 mm) along each of the 10 inch (254.0 mm) edges. Next the sections
were cut into 6 x 1 inch (152.4x25.4 mm) strips. Each section yielded 9
of these strips.

Specimen holes were drilled with straight fluted solid carbide drill
bits manufactured by Cleveland Twist Drill Co. First a pilot hole was
made in the specimen with a 1/8 inch (3.2 mm) bit. This was enlarged with a
1/4 inch (6.4 mm) bit. The bits show no noticeable wear after drilling
in excess of 200 holes.

After cutting and drilling the completed specimens were stored at

room temperature and humidity until testing.

B. Testing Apparatus All testing was performed on an Instron Model 1230
Dynamic Test Machine equipped with a Model 836 remote control panel, a Model
602 load and stroke controller panel, and a Model 860A function generator.
This testing machine has the capacity of + 10,000 1bf (+ 40 kN) load which
can be applied in the form of a sine input, triangular input, square input,
or ramp input. The maximum reliable frequency for operating this machine

is 30 Hz, The Instron Wedge Action Gripping Jaws were used in conjunction
with our own gripping and anti-buckling guide system (to be described later).
For static tests a.Hewlett Packard Model 7045A X-Y Recorder was used.

Additional equipment included a Tektronix 7623A Storage Oscilloscope and a

Keithley Instruments 160 Digital Multimeter.
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A method for griﬁping the specimen and for preventing buckling during
loading was designed, and a sectioned assembly of this apparatus is shown in
Fig. 3. As can be seen the bottom and top grips are held in place by the
Instron Jaws. The gaps between the Jaws and the grips are filled with sh;m
stock. The top grip is stationary and the two vertical runners are bolted
to it. The bottom grip is free to ride up and down in these runners. The
applied load is transmitted by the actuator arm of the Instron through the
bottom Instron Jaw to the bottom 8rip. The frictional force between the
bottom grip and the vertical runners was found to be negligible (less than
10 1B€ or 44 N). The anti-buckling guide also fits in the runmers and is free
to move up and down. The runners insure correct alignment of the top and
bottom grips and the anti-buckling guide. Hence the test specimen will have
no initial crookedness. The clearance between the anti-buckling guide faces
and the specimen surfaces of course varies from specimen to specimen but
on the average is 0.003 inch, (0.08 mm). The section view shows that the
specimen's ends are in contact with the grip floors. This insures that the
load is applied on the ends of and along the axis of the test specimen.

The figure also indicates that the rear gripping plates are held in place
by 1/4 20 Allen screws inserted through the front grips. The rear anti-
buckling guide plate is held to the front anti-buckling guide by four screws.

Detail drawings of the grips and anti-buckling guide are presented in
Appendix B.

C. Testing Procedures All tests were run at room temperature with ambient
humidity. In order to reduce friction between the specimen and the anti-
buckling guide, a thin coating of Molykote 44 grease, a heat stable silicone

lubricant, was applied to the contact surfaces of the guides.

10
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For static tests the specimen was secured in the grips and the back
of the anti-buckling guide was screwed in position. A compressive load
of 10 1bf (40 N) was applied to the specimen and then the screws holding the
backs of chg grips and anti-buckling guide were torqued tight. The load
was then reieased. Next, operating in the stroke mode and using the ramp "
input a compressive load was applied to failure. The failure load was re-
corded on the X-Y plotter.

For fatigue tests, the specimen was secured in the grips and the back
of the anti-buckling guide was screwed in place (hand tight). Small
pleces of styrofoam were placed between the guide and the grips in order to
damp out any vibration. Operating in the load mode a compressive load was

gradually applied up to 100 1bf (440 N). Then the screws holding the grips

| and guide in place were torqued tight. The load was then increased slowly
until the desired mean load was obtained. In the present test, the mean load
is-1400 1bf (-6.23 kN). A sine wave cycling of the applied load with an
amplitude of 1400 1bf (6.23 kN) was then started. For the first 10 cycles a
frequency of 0.01 Hz was used. During this time the loading was rechecked
with the use of the digital multimeter and oscilloscope to make sure that
the specimen did not go into tension and the load was cycling between O and
-2800 1bf (-12.50 kN). The frequency was then gradually and slowly increased
to 5 Hz. Periodically the loading was checked with the oscilloscope and
screws retorqued as necessary. The specimen was run to failure and fatigue

1life was recorded in cycles by the control panel counter.

12
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IV, Experimental Results

This section presents the static and fatigue test results for the

basic element, the three-in-series specimen, and several other arrangements,

All specimens failed through a drilled hole. For each test, the ultimate

load, or the fatigue life of each specimen 1s given in tabular form. The

sample means and sample standard deviations are also calculated from the

following formulas

- 1 n
4 Sample mean = X = 2 X @)

Sample standard deviation = g = [;—i'- Z -X)] (8)

where n is the total number of specimens tested in each case,

Table I

Static Strength and Fatigue Life of the Basic Element,
Graphite/Epoxy [3_45/02/1 45)

a. Ultimate Static Compression Load, 1bf (kN), (12 specimens)

2950 (13.12) 3600 (16.01) 3900 (17.35) 4350 (19.35)
3100 (13.79) 3630 (16.15) 3900 (17.35) 4600 (20.46)
3250 (14.46) 3770 (16.77) 3940 (17.55) 4650 (20.68)
x = 3800 (16.90)
8 = 550 ( 2.45)

b. Compression Fatigue Life, Cycles, Max.

Compression Load = 74% Basic
Element Mean Static Strength, R = -

» Frequency = 5 Hz (10 specimens)

17230 26230 78750 107880 127540 :
| 20010 49460 83300 112120 128780 j

x = 75130 §
{ s = 44200 :

13 |
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Table Ia presents the static strength measured in 1bf (kN) for the basic
elements. The sample mean and sample standard deviation are 3800 and 550 1bf
(16.90 and 2.45 kN) respectively. Table Ib gives the fatigue life measured
in cycles for the basic elements. The maximum compressive load to which each
element was subjected was 2800 1bf (74X of mean static) while the minimum
load was 0. The mean and standard deviation of the basic element fatigue life

were 75,130 and 44,200 cycles respectively.

Table II

Static Strenmgth and Fatigue Life of the Three-In-Series
Specimen, Graphite/Epoxy [1_55/02/; 45],

a. Ultimate Static Compression Load, 1bf (kN), (10 specimens)

3000 (13.34)T* 3260 (14.50)T 3450 (15.35)B 3660 (16.28)B
3150 (14.01)R 3400 (15.12)B 3600 (16.01)B
3150 (14.01)T 3400 (15.12)M 3600 (16.01)T \

x = 3370 (14.99)
s = 220 ( 1.00)

b. Compression Fatigue Life, Cycles, Max. Compression Load = 74% Basic
Element Mean Static Strength, R = -», Frequency = 5 Hz (9 specimens)

2090 M 15270 B 19990 M 29950 M 47690 B
5040 T 16090 B 24700 B 32740 B
, : x = 21510
8 = 14200

* Failed hole location, T = top, M = middle, B = bottom.

Table Ila shows the static strength measured in 1bf (kN) for the three-in-
series specimens. Also the position of the failure is given. The sample
mean is 3370 1bf (14.99 kN) and the standard deviation is 220 1bf (1.00 kN).
Table IIb presents the fatigue life in cycles and the position of the failed
hole for each of the three-in-series specimens subjected to the same loading
conditions as the basic element fatigue specimens. Here, x = 21,510 cycles,

and 8 = 14,200 cycles.

14
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We see that in the static case the mean strength of three-in-series
specimen is 892 of the basic element mean strength. However, the mean life
of the three-in-series specimen is 29% of the basic element mean life. It
is evident that the in-series configuration greqtly reduces the fatigue life,
but has a much less effect on the static strength.

Some additional tests were performed on specimens with different

geometries than described above. This data is compiled in Appendix C.

sl W e ot
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V. Parameter Estimations

A. Interval Estimation for the Mean

According to the in-series model, the life and strength of the three-
in-series specimen should be lower than those of the basic element. From
the data in the previous section, it can be seen that indeed the sample
mean life and mean strength for the three-in-series are both lower than the
corresponding basic element values. The sample mean values, however, are
random variables, dependent on the sample size, and by themselves have less
statistical significance. In order to establish a confidence level on the
hypothesis that the three-~in-series and basic element specimens were from
two different populations and that the three-in-series case has a lower mean
value, we shall make interval estimations for the means.

We shall assume that the random variable

tn—l = (—x-%)—-@ 9

has the Student-t distribution with n-1 degree of freedom. Strictly speak-
ing, this is true only when the population is normal. For practical pur-

poses, it is a good enough approximation for non-normal distributions, [14].
Based on this assumption, we have estimated the confidence intervals for all

four cases, and listed the results in Table III.

16
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Table III
Confidence Intervals for Basic and Three-In-Series Specimens

i Fatigue Life

Specimen Confidence Interval % Confidence
for Mean Life, Cycles
Basic [43510, 106750] 95%
3-in-series [10600, 32420] 95%

b. Static Strength

Specimen Confidence Intervals %Z Confidence
for Mean Strength
1bf kN
Basic [3520, 4090] [15.7, 18.2] 90%
[3460, 4150] [15.4, 18.5] 95%
Three-in-series {3240, 3500} [14.4, 15.6] 90%
[3200, 3530] (14.3, 15.7] 95%

As can be seen the 957 confidence intervals of the population mean lives of
the basic element and three-in-series specimen are disjoint, and the former
larger than the latter. This implies that these sample means come from
separate populations and the basic element has longer life. Table III also
lists the 90% and 95% confidence intervals for the basic and three~in-
series mean strengths. Here it is seen that the 95% confidence intervals
overlap whereas the 90% intervals do not. It can be argued, although not
as strongly as in the fatigue case, that the strength results of the basic
and three-in-series elements do indeed come from different populations.
B. Point Estimation, Weibull Distribution

It is well-known ~hat the strength and fatigue life of materials can
be best characterized by the log-normal or the Weibull distributions. In

this study, the two parameter Weibull distribution is used to represent

our results. The cumulative distribution function (CDF) has the form,
17
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Appendix B Detail Drawings for Gripping

Anti-&xckling Guide Device
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Appendix C. Additional Data
Some additional fatigue tests were performed with elements having
different geometries. All tests were performed with the same loading con-
ditions as described in the main body of this report. The first set of tests
was performed with elements containing four 1/4 inch (6.4 mm) holes as shown
in Fig. C-1. Table C-I gives the life and the failure location of these
elements. The mean life is 5430 cycles. This is much less than the in-
series model prediction life. Due to the fact that all elements failed
through the bottom hole it was concluded that its location was too near to
the end tab and thus experienced a greater load than the other three.
Several months later a series of fatigue tests were performed on ele-
ments containing two 1/4 inch (6.4 mm) holes as shown in Fig. C-2. The &
initial tests in this series were performed with configuration 1 type
elements. These all broke through the bottom hole; The geometry was
altered by moving the two holes further apart as shown as configuration 2.
These also all broke through the bottom hole and had shorter life than
configuration 1 elements. The lives for these two configurations are shown
in Table C-II.
In order to see if the position of the hole in an element affected the
life, a series of three tests were performed with an element with a 1/4
inch (6.4 nm) hole located near the bottom end tab as seen in Fig. C-3.

Table C~III records the life for these tests. As can be seen the lives are

much shorter than the lives recorded for the basic element (Table Ia).
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This tends to indicate that the closer the hole to the bottom end tab, the
greater will be the force seen by the hole and hence the shorter the
life.

The results obtained in Tables C-I-III tend to indicate that the
stress distribution is not uniform throughout the total length of the
specimen. Since the dynamic loading is applied by the accuator to the
bottom of the specimen, the stress concentration at the bottom hole is
greater than at the other holes.

This evidence is of course not conclusive. Other plausible explana-
tions can be forwarded. First the original basic and three-in-series
elements were taken from one end of the plate whereas the elements discussed
in this paragraph were obtained from the other end of the plate. It is 2~
conceivable that the two ends of the plate had different properties and
thus the elements taken from each constituted distinct populations. A
randomized scheme of picking test elements of course would have eliminated
this possibility. Another explanation was that the tests listed in
Tables I, II and Tables C-I-III were performed before and after respectively
a major breakdown and repair of the Instron testing machine. Also, the
gripping anti-buckling guide may have been inserted in the Instron improperly.
In short, due to the uncertainties associated with Tables C-I-III no further

analysis was attempted on this data.
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